Background: Genome-wide association studies (GWAS) have identified loci associated with risk of breast cancer. These studies have primarily been conducted in populations of European descent. To fully understand the impact of these loci, it is important to study groups with other genetic ancestries, including African American women.
Introduction
African American women have a lower age-adjusted incidence of breast cancer than white women in the United States. Age-adjusted annual incidence rates for 2002 to 2006 were 123.5 cases per 100,000 for white women and 113.0 cases per 100,000 for African American women (1) . However, African American women are more likely to be diagnosed with breast cancer at a more advanced stage and have higher breast cancer mortality rates than white women. Age-adjusted mortality rates for 2002 to 2006 were 23.9 per 100,000 for white women and 33.0 per 100,000 for African American women. The role of environmental risk factors in explaining these disparities was investigated within the Women's Health Initiative (WHI; ref. 2) , and the differences in incidence between African American and white women do not seem to be fully explained by differences in established risk factors. Variation in inherited genetic risk factors, additional lifestyle and behavioral risk factors, screening, and treatment patterns may also influence disparities between these 2 groups (2).
Understanding genetic risk factors in relation to breast cancer is important because identifying such factors might be useful for risk prediction, development of chemopreventive agents, and other preventive measures. Firstdegree relatives of women with breast cancer have approximately twice the risk of developing breast cancer compared with the general population, even after controlling for common environmental exposures (3) . Genetic susceptibility to breast cancer stems from 3 general classes of alleles (4) : very rare high-penetrance alleles (such as those in BRCA1 and BRCA2), rare moderate-penetrance alleles (such as ATM and CHK2), and common low-penetrance alleles. The latter category are the types of alleles identified in genome-wide association studies (GWAS); specifically, this includes alleles with population frequencies above 5% and relative risks of 1.05-1.3 (5, 6) . GWAS published to date have successfully identified over 20 single-nucleotide polymorphisms (SNP) showing genome-wide significant associations with breast cancer risk (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . These studies were primarily conducted in populations of European descent, although two focused on populations of Asian descent (11, 16) . Some of these variants have previously been examined in Chinese (17) , Hispanic (18) , and African American populations (19) (20) (21) (22) (23) (24) ; however, the results are inconsistent and not all loci have been examined. For these reasons, additional replication is merited.
In the context of this article, we refer to the variants identified in the initial GWAS as "index SNPs." These GWAS SNPs were identified because they showed a strong statistical association with disease risk in the discovery population. However, such SNPs are often not known to be the functional variants underlying the disease. Instead, the index SNPs are in linkage disequilibrium (LD) with other variants and can be thought of as "tagging" or identifying particular chromosomal regions of interest, with the functional variant potentially being located somewhere in that region. Because of differences in LD patterns according to genetic ancestry, an index SNP identified in studies including individuals of European descent may not be in high LD with the functional variant in other populations (e.g., African Americans). In such cases, the specific index SNP may not show evidence for replication in African Americans; however, other SNPs in the region may be in LD with the functional variant and, hence, further characterize associations with particular genomic regions. Therefore, a full exploration of potential replication/generalizability of GWAS findings in other racial/ethnic groups requires looking not only at the index SNP but also examining, if possible, the entire region tagged by the index SNP.
By using GWAS data from the WHI, we sought to replicate known GWAS findings for breast cancer in a cohort of postmenopausal African American women. Because of differences in LD patterns based on genetic ancestry, we examined associations for the index SNPs reported in the original GWAS and also for SNPs in regions defined by LD around the index SNPs.
Methods

Study population
The WHI is a long-term national health study that focuses on understanding risk factors for common diseases such as heart disease, cancer, and fracture in postmenopausal women. A total of 161,838 women aged 50 to 79 years old were recruited from 40 clinical centers in the United States between 1993 and 1998. WHI consists of an observational study, 2 clinical trials of postmenopausal hormone therapy (estrogen alone and estrogen plus progestin), a calcium and vitamin D supplement trial, and a dietary modification trial (25) . Study recruitment and exclusion criteria have been described previously (26) . Study protocols and consent forms were approved by the Institutional Review Boards at all participating institutions.
Medical history was updated annually (for women in the observational study) or semiannually (for women in the clinical trials) by mail and/or telephone questionnaires. Breast cancers were verified by medical record and pathology report review by centrally trained WHI physician adjudicators, as described previously (27, 28) .
The WHI SNP Health Association Resource (SHARe) includes 8,515 self-identified African American women from WHI who provided consent for DNA analysis. We excluded subjects on the basis of genotyping failure and quality control (n ¼ 94), relatedness (n ¼ 209), and genetic ancestry (described below; n ¼ 57), as well as subjects with noninvasive breast cancer (n ¼ 91), and subjects with report of prevalent breast cancer at baseline (n ¼ 264). Breast cancer cases were defined as cases with incident invasive breast cancer, confirmed by central adjudication. Our final sample size was 7,800 women, 316 of whom had incident invasive breast cancer.
Genotyping and QC
DNA was extracted from blood specimens collected at time of WHI enrollment. All samples, plus 2% blinded duplicates, were genotyped at Affymetrix Inc on the Genome-wide Human SNP Array 6.0 (909,622 SNPs). Approximately 1% of samples failed genotyping; we further excluded samples with call rate less than 95%, unexpected duplicates, and samples with genotype calls on the Y chromosome. We used concordance information to identify relatives (parent-offspring, twins, siblings, and half-siblings) and only included the sample with the highest call rate for each identified family set (n ¼ 266 exclusions). SNPs were excluded if they were located on the Y chromosome, were Affymetrix QC probes (total n ¼ 3280), had a call rate less than 95%, or had concordance rates for duplicates less than 98%. The average concordance for blinded duplicate samples was 99.8% and the average sample call rate after SNP exclusions was 99.8%.
Imputation for African Americans was carried out by using MACH (29) . After filtering, 829,370 genotyped SNPs were used for imputation. We used 2,203,609 SNPs in HapMap 2, release 22, from 240 phased haplotypes for the HapMap Yoruba in Ibadan, Nigeria (YRI) population and the HapMap Utah residents with Northern and Western European ancestry (CEPH) collection (CEU) populations as the reference panel. We estimated parameters on a subset of 200 WHI subjects and then imputed all African American subjects. For 2, 190 ,779 SNPs, we obtained imputations with minor allele frequency (MAF) greater than 1% and estimated R-squared more than 0.3. Genetic ancestry was calculated by using EIGENSTRAT (30) . Specifically, we obtained principal components by using 178,101 SNP markers that were common between our samples and our reference panels, comprising 475 publically available samples from the YRI population, the CEU population, the Human Genome Diversity Project (HGDP) East Asian population, and the HGDP Native American populations. These same samples were used to determine ancestral percentages by using Frappe (31) . We excluded 57 samples that were outliers in the Frappe analysis.
Selection of SNPs and regions for replication of previous findings
Breast cancer loci from previous GWAS, which we term as "index SNPs," were identified by using the NHGRI catalog (5, 32) using a P value cutoff of 5 Â 10 À7 and a requirement that the initial GWAS have a minimum of 100 cases and controls, with report of independent replication. We last accessed the catalogue on March 1, 2011. We did not include SNPs identified in GWAS restricted to BRCA1 or BRCA2 carriers. In addition to SNPs identified through the NHGRI catalogue, we included 3 SNPs (rs4973768 at 3p24.1, rs10941679 at 5p12, and rs6504950 at 17q23.2) as index SNPs because these SNPs fulfilled our criteria (identification through GWAS and combined GWAS and large-scale replication resulted in P value of less than 5 Â 10 À7 ; ref. 7, 13) . At this stage, we did not screen SNPs based on LD, so some of these index SNPs are in high LD with one another. All SNPs were either genotyped directly or imputed in our data except for rs999737. This SNP has a MAF < 2% in HapMap YRI and HapMap African ancestry in Southwest USA (ASW), so presumably was excluded from our sample because of low MAF. We used a second SNP in high LD in the CEU population with rs999737 (rs10483813) as a substitute for that SNP. The rs999737 and rs10483813 SNPs are 3,398 base pairs apart with a pairwise r 2 ¼ 1 in the CEU population. The index SNPs tag a region defined by LD in the population used in the initial GWAS. Because we are studying a population with a different genetic ancestry, and because groups with different ancestries may have different haplotype patterns, we chose to examine both the index SNP and SNPs in the surrounding region. Specifically, we considered the situation in which the underlying causal variant is in the region defined by high LD, with the index SNP in the discovery population, but is not in high LD with the index SNP in African American women. In these situations, we would not see replication of the index SNP but, potentially, we might expect to see association for other SNPs in the region. Therefore, we defined regions for the index SNP by using LD information in HapMap. Specifically, we used HapMap data to find the most distant SNP upstream and downstream with an LD r 2 > 0.8 within a maximum distance of 250 kb in either direction. We defined the "region" to include all genotyped and imputed SNPs between these boundaries, regardless of their LD with the index SNP. Regions were defined using CEU for all SNPs, except rs2046210 and rs4784227. These 2 SNPs were initially discovered in samples of Asian, rather than European descent, so we used the HapMap Han Chinese in Beijing, China (CHB) population to define regions for those SNPs. LD information was obtained by using the Genome Variation Server in batch mode (33) . Because the regions are defined on the basis of LD patterns, some regions contain more than one index SNP. Furthermore, some index SNPs had no SNPs with r 2 > 0.8 in the HapMap population and, hence, are not included in the regional analysis. The final regional analysis used 839 SNPs in 14 regions (median of 34.5 SNPs per region; range 13-188).
Statistical methods
Cox proportional hazards models were used to assess associations between each SNP and breast cancer with time because enrollment as our time axis, adjusting for age, region, and the first 4 principal components representing global ancestry. As a sensitivity analysis, we further adjusted for randomization assignment within the WHI trial arms, including an indicator for the observational study participants. We used a log-additive genetic model: for directly genotyped SNPs, we used the SNP data coded 0/1/2, and for the imputed SNPs, we used the dosage data from MACH. For all SNPs, the major allele was used as the reference. We first examined the index SNP and then the region around each SNP as described above. Within each region, we report on the following: (a) the total number of SNPs in the region; (b) the number of SNPs in the region with P < 0.05; (c) the HR, 95% CI, and P value for the SNP with the lowest P value in the region; and (d) a permutation P value for the region. Permutation P values were calculated by 10,000 permutations per region. In each iteration, we permuted the outcome and ran the adjusted Cox model to obtain the P value for each SNP in the region. We then obtained the minimum P value among all SNPs within the region for each permutation, counted the number of times the minimum P value for the region was less than the observed minimum P value for the region in our analysis, and divided that count by 10,000.
We created regional association plots (34) to visually display the Àlog 10 (P) and LD with the index SNP by chromosomal location for regions of interest. For these plots, LD was examined on the basis of HapMap CEU and YRI populations. We did not calculate LD for imputed SNPs, as it is not straightforward to obtain unbiased estimates of LD on the basis of imputed data.
Results
The median follow-up time in the cohort was 7.94 years. As expected, cases were slightly younger than the controls (61 vs. 62 years) and more likely to have a positive family history of breast cancer (first-degree relatives with breast cancer: 22.8% in cases and 15.3% in controls).
The results for the 22 index SNPs identified in previous GWAS are shown in Table 1 . These 22 SNPs are in 18 independent genomic regions, with independent defined on the basis of LD in the CEU population. The strongest evidence for an association in African Americans was for SNP rs3803662 at 16q12.2/TOX3 (HR for the T allele ¼ 0.79, 95% CI: 0.67-0.92, P ¼ 0.003). A second SNP rs10941679 at 5p12/MRPS30 was also significant at P ¼ 0.05 (HR for the G allele ¼ 1.31, 95% CI: 1.06-1.63, P ¼ 0.014) and rs1219648 at 10q26.13/FGFR2 showed marginal significance (HR for the G allele 1.17, 95% CI: 1.00-1.37, P ¼ 0.051). No index SNP was significant after a Bonferroni correction for multiple testing. Additional adjustment for randomization assignment had little to no effect on the risk estimates (correlation of HR with and without this additional adjustment ¼ 0.998).
Of the 18 potentially independent regions determined by LD patterns around the index SNPs in the GWAS discovery population, 4 regions did not have any SNPs with r 2 > 0.8 in the CEU HapMap sample, leaving 14 regions for analysis (Table 2) . Results for all 839 SNPs in each region are shown in Supplementary Table. Eight of 14 regions had at least 1 SNP with P < 0.05, with 5 regions having more than 10% of the SNPs in the region with a P < 0.05. When we examined the permutation results, done to account for multiple testing in this region-wide approach, we found that the 3p24.1 region showed a significant positive association with breast cancer risk (permutation based P ¼ 0.027) and 3 regions (10p15.1, 10q26.13/FGFR2, and 16q12.2/TOX3) showed suggestive associations (defined as P < 0.1). Plots of regional LD and strength of association by chromosomal position for these 4 regions of interest are shown in Figure 1 .
Discussion
We used GWAS data from almost 8,000 AA women of the WHI SHARe project to investigate whether SNPs found to be associated with breast cancer in GWAS of European and Asian decent women replicate and generalize to a population of postmenopausal African American women. For the previously reported index SNP, we found evidence for an association for rs3803662 at 16q12.2/TOX3 and rs10941679 at 5p12/MRPS30 in the WHI African American sample; however, these findings were not significant after Bonferroni correction. When we expanded to LD regions around the index SNPs, variants in the 3p24.1 region showed a significant association with breast cancer risk and the 10p15.1, 10q26.13/FGFR2, and 16q12.2/TOX3 regions showed suggestive associations.
Our findings contribute to a growing body of literature examining known GWAS loci in African American women (19) (20) (21) (22) (23) (24) . Focusing on index SNPs, our most statistically significant finding was for rs3803662 at 16q12.2/ TOX3 gene, with the T allele associated with a decreased breast cancer risk in African Americans. This is in contrast to the initial GWAS finding of increased risk for the T allele in European decent women. This region had a potential functional link to breast cancer. TOX3 is a calcium-dependent transcription factor (35) . This protein may play a role in estrogen-dependent signal transduction and enhance survival of breast cancer cells (36) . To summarize results for African American, we conducted a meta-analysis of previously published studies, including our results ( Fig. 2; refs. 12, 20, 22, 24, 37) . The metaanalysis showed that risk estimates for African American women, although suggestive of a decreased risk for the T allele, are heterogeneous and not statistically significant in the random effect meta-analysis (OR ¼ 0.92; 95%CI: 0.82-1.03). A potential explanation for the heterogeneity between studies is the genetic variation among African Americans (38, 39) . Differences in the underlying population composition of the different studies may impact the observed effect estimates for this SNP. Potential explanations for the difference between the findings in European and African American populations include potential effect modification by other genetic or environmental risk factors, differences in haplotype tagging patterns, or chance.
For the index SNP rs10941679 in the 5p12 region, we found evidence for an increased risk for the G allele, consistent with the original GWAS finding in European populations (13) . Analysis of the Black Woman's Health Study and the African American sample from the Multiethnic Cohort Study both also found a nonsignificant trend for increased risk with the G allele at this SNP (13, 20, 21) . Similarly, our marginal finding for a trend for an increased risk for the G allele at rs1219648 at 10q26.1/ FGFR2 is consistent in direction, both with the original GWAS finding (10) and with combined results for African Americans from the Southern Community Cohort Study and the Nashville Breast Health Study (24) . As a receptor tyrosine kinase, the FGFR2 protein is involved in cell signaling pathways (40) . This protein is known to have a role in breast tissue development (41, 42) and has been shown to have nuclear localization in breast normal and tumor tissue (43) .
Comparing our regional findings to results from previous studies, for the 3p24.1 region, we did not find evidence for an association for the index SNP rs4973768, a finding that is consistent with a recent report on African Americans in the Multiethnic Cohort Study (20) ; however, that study did not look at other SNPs in the region, so we cannot compare our finding of a significant association in the region with their data. To date, no other study has reported on other SNPs in the 3p24.1 region in African American women. Our results for the 10q26.1/ FGFR2 region are consistent with those of several other studies, which have found that additional SNPs in this region are associated with breast cancer risk in African American women (19, 23) . For the 16q12.2/TOX3 region, the Black Women's Health Study found evidence for an association with breast cancer risk for the index SNP and also for 4 other SNPs in the neighboring LOC643714 gene Table 1 . ORs for discovery GWAS in this column are presented to have the same reference allele/tested allele as HR in this analysis (i.e., they are expressed in terms of the risk for the test allele compared with the reference allele. In some cases, this required changing the reference allele from what was presented in the original presentation. All discovery GWAS had Table 2 . Regions defined on the basis of LD in HapMap CEU or CHB.
c P from test of trend for each additional copy of the test allele at 16q12 (rs3104746, rs3112562, rs3104793, and rs8046994; ref. 22) . These SNPs were outside of our defined regions of interest. However, we were able to examine the SNPs from our GWAS data and found marginal evidence for an association for rs3112562 (HR for the C allele: 1.15; 95% CI: 0.98-1.35; P ¼ 0.076). Our final interesting region, 10p15.1, has an index SNP that was identified in a more recent meta-analysis (15) and has not been included in other studies of African American women published to date. Our findings indicate that future studies should examine not just the index SNP but also additional SNPs in the region if attempting to replicate 10p15.1 in African American women.
As discussed above, we have several examples in which we did not observe statistical evidence for replication for the index SNP but did observe statistical evidence for association for other SNPs in the region. This may be a chance finding, although we did carry out permutation tests to account for the multiple testing involved in looking at additional SNPs within each region. It is possible that the findings reflect difference in LD patterns on the basis of genetic ancestry (i.e., the underlying causal variant is the same for European and African ancestry, but different SNPs tag the variant in different groups). This is the situation in which the index risk variant may be in high LD, with the functional variant in the GWAS discovery population (European ancestry), but not in high LD in the African American population used in this study. For example, this may explain our findings for the 10p15.1 region, in which the strongest association is for a SNP in high LD with the index SNP in CEU but not in high LD in YRI (Fig. 1) . Because LD regions are typically smaller in African American populations, this type of analysis may help narrow the region of interest. For example, our results for the 10q26.13 region are suggestive of the association being localized to the region depicted on the right side of the plot. However, this is not always the case, as exemplified in our results for 3p24 (Fig. 1) . The lack of replication for the index SNP coupled with observed associations for other SNPs in the regional results could also reflect allelic heterogeneity (i.e., different underlying causal variants) between ancestral groups. Larger sample sizes and functional follow-up studies would be needed to fully distinguish between these different possibilities.
For 14 of the index SNPs, we did not observe statistically significant evidence for replication for either the index SNP or for other SNPs in the region. This may be because we were underpowered to detect the association, especially for lower MAFs. Another possibility is that we did not consider a wide enough region around the index SNP. Our goal in setting boundaries for regions was to capture all SNPs that may have been tagged by the index SNP in the initial GWAS studies. We determined this by using information on LD from the HapMap 2 populations. We may have been too stringent in our LD cutoff, or we may have misestimated the extent of LD because HapMap does not contain data on all SNPs. We initially considered using less stringent cutoffs to define regions but opted not to because of the increased noise and increased multiple testing burden associated with boundaries that are too wide. The lack of replication may also reflect the situation in which variants in the region are associated with risk in African Americans, but those variants were simply not well tagged or imputed in our dataset. It is also possible that the effects of the GWAS loci may have been modified by environmental, lifestyle, or other factors that differ among groups. It is worth noting that a recent study that examined potential gene-environment interactions for 7 of the loci examined in this study failed to yield significant evidence for effect modification with established risk factors for breast cancer (44) .
A strength of this study is that it is a large cohort study with central adjudication of breast cancer that allowed us ES (95% CI) to examine incident invasive breast cancer cases with minimal misclassification of outcome. We were able to leverage existing genome-wide data in this sample to not only look at index SNPs identified in previous GWAS but to also extend our analysis to large LD blocks of surrounding regions. However, even though WHI represents a large cohort of African American women with GWAS data, our study is still limited by the relatively small number of invasive incident breast cancer cases. Given our small sample size, we were not able to carry out stratified analysis on the basis of disease severity, hormone receptor status, or other patient characteristics. Estrogen receptor (ER) status may be particularly important given that some GWAS findings are specific to ERþ and ERÀ cancers (12, 13, 45) and because a higher proportion of African American are diagnosed with ERÀ cancers (2, 46) , resulting in prognostic differences. We were able to use imputation to the HapMap to study SNPs that were not directly genotyped on our platform. A key question in imputation for admixed populations is the selection of an appropriate reference panel. We used a combination of the CEU and YRI HapMap populations, which has been shown to be an appropriate approach to use for African American populations (47) . The rs11249433 SNP did have a relatively low imputation quality score (r 2 ¼ 0.68). Combined with the low MAF, we may have had a highly reduced power to detect that particular SNP. However, all the other imputed SNPs had very high imputation r 2 values (Table 1) , indicating a high imputation quality. In addition to attention to admixture in the choice of our imputation reference panel, we also used Frappe (31) and EIGENSTRAT (30) to identify ethnic outliers and adjust for underlying population structure. This minimizes the chance that our results are strongly confounded by population stratification (48) .
Overall, these results add to a growing body of work indicating that some genetic loci identified as risk factors for breast cancer (17) (18) (19) (20) (21) (22) (23) (24) and other cancer phenotypes (49, 50) via GWAS in European populations are generalizable to other ethnic/racial groups, whereas other loci are not. A full understanding of these loci in relation to disease risk will require additional follow-up with detailed fine mapping data in large ancestrally diverse populations. A full characterization of the role of common genetic variants in African American populations will also require large, well-powered GWAS, with replication, to identify potentially novel loci.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
